capillary-venous malformations (HCCVMs) are rare cutaneous lesions that occur in a small subgroup of patients with cerebral capillary malformation (CCM). CCMs cause neurological problems that range from headaches to life-threatening intracranial bleeding. CCMs and HCCVMs have a similar histopathological appearance of dilated capillary-venous channels. Genetic linkage of inherited CCMs has been established to three chromosomal loci, 3q25.2-27, 7p13-15 and 7q21-22. The first mutations were identified in the CCM1 gene (located on 7q21-22), which encodes KRIT1 protein (KREV1 interaction trapped 1), presumably a membrane-bound protein with signalling activity. Although KRIT1 is known to interact with KREV1/RAP1A, a Ras-family GTPase, the exact function of KRIT1 in the formation of cerebral capillaries and veins is poorly understood. In this study, we screened five families with CCM for mutations in the KRIT1 gene. In one of the families, CCMs co-segregated with HCCVMs. We identified a KRIT1∆ G103 mutation in this family, suggesting that this rare form of the condition is also caused by mutations in the CCM1 gene and that KRIT1 is probably important for cutaneous vasculature. Interestingly, this deletion introduces the earliest stop codon among identified mutations, suggesting a possible correlation between the molecular alteration and the cutaneous phenotype. Another novel mutation, KRIT1 IVS2+2(T→C) , was found in a family with only cerebral capillary-venous malformations.
INTRODUCTION
Vascular malformations are localized defects of blood vessel formation. They are classified according to the type of affected vessel as capillary, venous, arterial or lymphatic malformations, or as combined forms, such as capillary-venous malformations (1) . Vascular malformations occur most frequently in the skin, but they can also be found in other organs. Cutaneous vascular malformations usually are minor cosmetic harms. Extensive lesions can involve an entire limb and cause functional problems; cervicofacial lesions can affect deep structures and cause airway obstruction. They can also be cutaneous flags, signalling a syndrome. Patients with capillary malformation on the trigeminal ophthalmic dermatome are at risk for Sturge-Weber syndrome, characterized by leptomeningeal and choroidal vascular anomalies causing epilepsy, hemiparesis and glaucoma (2) . Patients with peculiar multiple familial venous cutaneous lesions can have life-threatening bleeding from intestinal lesions, as called 'blue rubber bled nevus syndrome' (3) .
Hyperkeratotic cutaneous capillary-venous malformations (HCCVMs) are crimson-coloured, irregularly shaped lesions, the size of which can extend to several centimetres (4) . By light microscopy, the lesions extend into both dermis and hypodermis and are composed of dilated capillaries and blood-filled venous-like channels. The overlying epidermis is hyperkeratotic. These lesions have been reported to be associated with cerebral capillary malformations (CCMs) (4, 5) , which cause headaches, seizures and sometimes intracranial haemorrhage (OMIM #116860). By histology, CCMs are abnormal vascular spaces lined by a single layer of endothelium and thin fibrous adventitia without smooth muscle cells (6) . In some specimens there are very large vascular lumens with thick fibrotic walls. CCMs resemble HCCVMs: both are composed of abnormal capillaries and venous-like vessels. In families in which these lesions co-exist, all members who manifest HCCVMs also have CCMs.
Although the cause of HCCVM is unknown, the molecular basis for other cutaneous vascular malformations has begun to be elucidated (7) . We have shown that one type of inheritable cutaneous venous malformation is caused by an activating mutation in the gene encoding endothelial cell-specific + To whom correspondence should be addressed. Tel: +32 2 764 6530; Fax: +32 2 764 7548; Email: vikkula@bchm.ucl.ac.be receptor tyrosine kinase TIE-2 (8) . We have also found that the causative gene for inherited cutaneous venous malformations with glomus cells ('glomangiomas') maps to 1p21-22 (9) . Moreover, we have discovered that a loss-of-function mutation in vascular endothelial growth factor receptor-3 (VEGFR-3) causes congenital hereditary lymphoedema (A. Irrthum, M. Kärkkäinen, K. Alitalo, K. Devrient and M. Vikkula, manuscript in preparation). In addition, three different chromosomal loci have been found to link to CCMs, 3q25.2-27, 7p13-15 and 7q21-22 (10, 11) , and one of the causative genes, CCM1, has been identified (12, 13) . This gene encodes KRIT1 (KREV1 interaction trapped 1), a protein interacting with KREV1/RAP1A, an evolutionarily conserved Ras-family GTPase (14) . KRIT1 mutations most likely cause loss-of-function effects on the protein.
We report that patients with HCCVM, associated with CCMs, also have a mutation in the KRIT1 gene. This suggests that KRIT1 is important for both cutaneous and cerebral vascular morphogenesis. Interestingly, the mutation causing HCCVM is in the first exon, and thus could result in an earlier truncation of KRIT1 than the other 19 identified mutations, which only cause CCMs. We also describe another novel mutation in the CCM1 gene that causes CCMs without cutaneous lesions.
RESULTS
Five families and two sporadic patients with CCM participated in the study (Fig. 1A) . In family A, two members manifested concurrent CCMs and multiple HCCVM (Fig. 1B) . The other four families exhibited only CCMs. By linkage and haplotypic analyses, none of the five families showed exclusion of linkage to the CCM1 locus on chromosome 7q21-22 (data not shown), implying that the causative defect could be in the CCM1 gene. Thus, two affected individuals from each of the families and two sporadic cases were examined for the 12 known exons of the CCM1 gene, using single stranded conformation polymorphism (SSCP) and heteroduplex analysis. An abnormal migration pattern was observed in three fragments containing exon 1 in family A, exon 2 in family B and exon 10 in families B and C.
Direct sequencing of the abnormally migrating PCR fragment including exon 1, revealed a deletion of guanine (nt 103) (KRIT1∆ G103 ). This would result in a frameshift after the 26th amino acid and premature stop at the 37th codon ( Fig. 2A) . Co-segregation of the mutation with the affected members of family A was studied by amplifying the fragment from genomic DNA from all family members and running the radioactively labelled PCR products on a 6% denaturing acrylamide gel. A shorter fragment, which migrated slightly more quickly than the wild-type product, was detected in all affected individuals (Fig. 3A) . This shorter fragment was found in neither unaffected family members (Fig. 3A) , nor 50 healthy controls (data not shown). These findings strongly suggest that in family A, the disorder expressed as CCMs associated with HCCVM is caused by an early truncating mutation in the CCM1 gene.
Direct sequencing of the PCR product of exon 2, amplified from genomic DNA of an affected member of family B, demonstrated a T→C transition, which would disrupt the conserved GT dinucleotide in the splice donor site of intron 2 [KRIT1 IVS2+2(T→C) ] (Fig. 2B ). As this mutation destroys a ScaI restriction enzyme cutting site, the mutation was screened by restriction enzyme digestion of exon 2 genomic amplification products in all individuals of family B (Fig. 3B ). This ScaI site was present in both alleles of unaffected individuals in family B and in 50 controls (data not shown), whereas affected individuals of family B were heterozygous for the site (Fig. 3B) . The effect of this mutation on transcription and splicing of premRNA was tested by amplifying-with a primer pair from exon 1 and exon 5-a partial cDNA of the CCM1 gene from total RNA extracted from Epstein-Barr virus (EBV) transfected cell lines of affected individuals. This amplification yielded two extra bands of 451 and 307 bp for which the intensity was clearly lower than for the wild-type band of 567 bp (data not shown). Sequencing of the extracted smaller bands revealed that either exon 2 (the 451 bp fragment) or both exons 2 and 3 (the 307 bp fragment) were missing. Thus, the splice donor site mutation causes a skip of either exon 2 or both exons 2 and 3 during splicing of pre-mRNA in EBV-transformed lymphoblasts. The low quantity of these cDNAs suggests that mutated mRNAs have lower stability than normal transcripts.
The third shift, present in families B and C and in one control individual in the SSCP and heteroduplex analyses, turned out to be a neutral polymorphism of the coding sequence (A→G at nt 1384). This coding sequence SNP has a frequency of~17% (three out of nine unrelated individuals carried the polymorphism), and thus may be useful in KRIT1 association analysis. No additional mutations were detected in the three families and two sporadic cases without mutations by amplifying overlapping genomic fragments of 4-15 kb, using the intronic primers listed in Materials and Methods.
DISCUSSION
A subset of patients with intracranial capillary-venous anomalies are known to manifest peculiar vascular malformations on the skin. Interestingly, the cerebral and the cutaneous lesions are histologically similar as both are composed of malformed capillary and venous-like channels. In one study, four families out of 57 exhibited hyperkeratotic cutaneous capillary-venous lesions (4). In another report, CCMs were found in a patient with numerous cutaneous lesions called 'angiokeratomas' (5). We present an additional family with CCMs with two affected boys exhibiting HCCVM on the limbs. Thus, it seems clear that the intracranial and cutaneous vascular lesions are associated pathogenically.
Penetrance of KRIT1 mutations for CCMs is estimated to be 88% (11); however, the penetrance of HCCVMs is lower. In the four published CCM+HCCVM families, eight out of 21 affected individuals had HCCVM (4). Thus, the penetrance for the cutaneous lesions co-occurring with CCMs can be calculated to be~38%. In the pedigree presented for family A two out of four affected individuals have cutaneous lesions in the extremities. Thus, in a subset of families in which CCMs are caused by KRIT1 mutations with high penetrance, there is an additional risk of~40% for cutaneous vascular lesions.
Prior to this study, 19 different mutations in the CCM1 gene encoding KRIT1 have been identified in patients with CCM (12,13). These mutations are evenly distributed in the gene and comprise nonsense mutations, deletions and insertions, all presumed to result in a premature stop codon. Whether the mutated mRNA is subsequently degraded or translated to a truncated protein containing functional domains, is not known. The two mutations introduced here, deletion of guanine in exon 1 (KRIT1∆ G103 ) and T→C substitution in the splice donor site of intron 2 [KRIT1 IVS2+2(T→C) ], are similar in this fashion. However, the deletional mutation found in the family manifesting HCCVM results in disruption of the reading frame already after the 26th amino acid, thus causing a premature stop codon at the 37th amino acid. This is the earliest truncation among the 21 mutations reported. As this is the first mutation found in a family in which CCMs co-segregate with cutaneous vascular lesions, more studies are required to determine if similar mutations occur in other patients with this phenotypic subset of CCM. If this were the case, it would suggest that an additional change in function of KRIT1 is linked to the appearance of cutaneous vascular lesions, and that more C-terminal mutations, which only cause CCMs, could possibly produce a protein with some residual activity.
The N-terminus of KRIT1 contains three or four ankyrin repeats (amino acids 83-215), which can mediate interactions with other proteins (15) . As most mutations occur in the middle of the KRIT1 gene, the ankyrin repeats could be in the truncated proteins. However, in addition to our KRIT1∆ G103 mutation, two other mutations have been found that disrupt the reading frame before ankyrin-encoding sequences (after the 74th and the 78th codons) (pedigrees 18 and 19 in ref. 12). As these two families have not, as yet, manifested cutaneous lesions, this different phenotype does not appear to be linked to the presence of ankyrin repeats. The C-terminus of KRIT1 includes the domains for interaction with KREV1/RAP1A, a suppressor of Ras signalling pathway (14) . Mutant forms identified so far in CCM patients, whether causing mRNA decay or shortened polypeptides, would nullify this interaction. In addition to the KREV1/RAP1A-interacting region and ankyrin domains, KRIT1 is predicted to contain a FERM domain (209-433), present in a group of proteins that are involved in the linkage of cytoplasmic proteins to plasma membranes (16) . If mutated KRIT1 transcripts are stable and translated, most of the 21 mutations would cause KRIT1 to lack this domain.
As reported by Laberge-le Couteulx et al. (12) , the northern blot results show a larger mRNA than predicted on the basis of cDNA sequence. Furthermore, no mutations have been found in several families presumed to be linked to CCM1. Thus, it is possible that the CCM1 gene contains other functional domains and genotypic-phenotypic analysis will only be possible when the complete structure of KRIT1 and the stability of the mutant mRNAs are known.
It is interesting that KRIT1 may be involved in the Ras signalling pathway. Inactivation of p102-rasGAP, a negative regulator of Ras signalling, results in vascular defects in genetically engineered mice (17) . Loss-of-function of another Rassignalling pathway component, b-raf, also causes severe aberrations in vascular development (18) . A TIE-2 activating mutation, which may be associated with the Ras signalling pathway, causes venous malformations in humans (8) . Thus endothelial cell signalling with convergence to Ras signalling may be a common pathway in the aetiopathogenesis of the various types of vascular anomalies.
In conclusion, we report two novel mutations in the CCM1 gene [KRIT1∆ G103 and KRIT1 IVS2+2(T→C) ] that cause CCMs by introducing premature stop codons. One of the mutations, KRIT1∆ G103 in exon 1, causes a rare variant of the disorder in which there are both cerebral and cutaneous vascular malformations. Thus, KRIT1 is important for both cerebral and cutaneous vascular integrity. Interestingly, the mutation causing CCM+HCCVM is the earliest stop codon in the gene among the 21 identified mutations, suggesting a molecular-phenotypic correlation.
MATERIALS AND METHODS

Families
This study comprised five families with inherited CCMs, altogether 15 affected and 16 unaffected individuals and two sporadic cases (Fig. 1A) . In family A, individual III-1 had congenital HCCVM on the forearm and hypothenar region (Fig. 1B) , and a similar lesion, 2 cm in diameter, appeared on the ankle of individual III-2 when he was 12 years old. Each participating individual gave informed consent, approved by the ethical committee of the Medical Faculty of Université Catholique de Louvain, Brussels, Belgium. Clinical examination and/or magnetic resonance imaging (MRI) were used to determine whether an individual was affected.
Genetic analysis
Genomic DNA was extracted from the buffy coat of blood samples using QIAamp DNA blood mini kit. For linkage analysis, six polymorphic markers from the CCM1 locus (D7S1813, D7S689, D7S2409, D7S646, D7S652 and D7S657) on chromosome 7q21-22 were genotyped from genomic DNA of the patients, as described earlier (19) .
The genomic structure of the CCM1 gene was determined by comparing the published KRIT1 cDNA sequence with the reported bacterial artificial chromosome (BAC) sequence containing the gene (GenBank accession nos U90268 and HSAC000120). Twelve primer pairs, synthesized by Life Technologies (Paisley, UK), were designed for the amplification of the 12 exons of the CCM1 gene by PCR using genomic DNA as template. The primers were: exon 1, 5′-AAATCCT-GCATATGCTACTG-3′ and 5′-ATTACACTTGAGATAAA-ACGTC-3′; exon 2, 5′-AACAGAGCAAGACTCATTCTC-3′ and 5′-AGCAATGTGGAGTAAAACCG-3′; exon 3, 5′-AGC-TTTCATAGATGTGTCAC-3′ and 5′-TTGGAATGAGAAC-AGTCTTG-3′; exon 4, 5′-CATTTCAGATGATCTTTTTA-GG-3′ and 5′-TCATTACTTGTTATTCACTGC-3′; exon 5, 5′-GACATTTTCCCTTAGAATACC-3′ and 5′-GCCTGGCTC-TAACTATGAAG-3′; exon 6, 5′-AAAGCACATGAAGTTG-AAGG-3′ and 5′-TTCTACCAACCCACTCCC-3′; exon 7, 5′-CAGTACAGAAGTGCAGACAG-3′ and 5′-GAAACTCAA-CAGATTTTGTGC-3′; exon 8, 5′-GCTCAAAACAG-TAACAGCTC-3′ and 5′-GCATAGCACAAGACCATGC-3′; exon 9, 5′-AAAGCCATTTGTAACAGAATG-3′ and 5′-CTA-ACAAAGTTTCAACTAGCC-3′; exon 10, 5′-GATTATCAA-TGGTACATTTTCC-3′ and 5′-CATGTAGGTTGGTACTG-TTG-3′, exon 11, 5′-GAGCAGACAACATAAATGTAG-3′ and 5′-AACACAATAGTTTATGAAGTCC-3′; exon 12, 5′-ACTGCCCAATGTCATGAATG-3′ and 5′-ACCATGCTCG-GCCAAAAG-3′. The primers were end-labelled with γ-32 P with polynucleotide kinase (Takara, Kyoto, Japan) before amplification by PCR [95°C for 4 min; (94°C for 30 s; 57°C for 30 s; 72°C for 30 s) ×30; 72°C for 10 min]. The PCR products were analyzed on Sequagel MD SSCP and Heteroduplex gels (National Diagnostics, Atlanta, GA) as well as on 6% denaturing acrylamide gels. The fragments showing abnormal migration pattern were further characterized by direct cycle sequencing, as previously described (20) . ScaI digestions of PCR products were performed in 2× One-Phor-All buffer (Amersham Pharmacia, Uppsala, Sweden) overnight to ensure complete digestion.
cDNA was synthesized with Superscript Preamplification System (Life Technologies, Merelbeke, Belgium) from total RNA extracted from EBV-transformed lymphoblasts, as described elsewhere (20) . A primer pair: 5′-AGAAAACT-CACTACATATGG-3′ from exon 1 and 5′-GATCTTCCTT-GTTGGTCTG-3′ from exon 5 was used for the amplification of a partial cDNA for KRIT1.
